The analytical basis for the resonances and anti-resonances of loop antennas and meta-material ring resonators J. Appl. Phys. 112, 094911 (2012) A metamaterial antenna with frequency-scanning omnidirectional radiation patterns Appl. Phys. Lett. 101, 173501 (2012) A leaky-wave groove antenna at optical frequency J. Appl. Phys. 112, 074320 (2012) An alternative method for the measurement of the microwave temperature coefficient of resonant frequency (τf) J. Appl. Phys. 112, 074106 (2012) Additional information on J. Appl. Phys. We studied electrically small resonant antennas composed of split ring resonators ͑SRR͒ and monopoles. The antennas considered have the same ring radius, but slightly different geometry. The resonance frequency depends on the geometry of the SRRs. Two SRR antennas are designed. The first one, which operates at 3.62 GHz, is demonstrated theoretically and experimentally. The size of this antenna is 0.095 0 ϫ 0.100 0 and is low profile at the other dimension. The gain and directivity of the antenna was 2.38 and 5.46, respectively. The corresponding efficiency was 43.6%. The estimated radiation Q ͑rad Q = 23.03͒ was much larger than the minimum radiation Q ͑min Q = 1.78͒. The second one is a rather small SRR antenna in which the capacitance between the rings is increased. The size is reduced to 0.074 0 ϫ 0.079 0 . This structure is called serrated SRR ͑SSRR͒. Both antennas have similar far-field patterns but the efficiency of the SSRR antenna is less.
I. INTRODUCTION
Electrically small antennas ͑ESAs͒ occupy a volume of the sphere whose radius is a small fraction of the free-space wavelength of the radiated electromagnetic field. 1 The fundamental limitations of ESAs were investigated by Wheeler in 1947. 2 One year later, Chu derived a theoretical relationship between the dimensions of an antenna and its minimum quality factor. 3 Fundamental limitations of antennas are still an active research area. [4] [5] [6] The general techniques applied in order to achieve these theoretical limits are the optimization of the antenna topology 7, 8 and usage of magneto-dielectric materials. 9, 10 Artificial materials that exhibit unusual physical properties attracted much attention in the last decade of the last century. 11 Can the introduction of these materials into antennas improve the current performance, especially in terms of their rather small size? The invention of antennas, which resonantly couple to external radiation, composed of single negative materials is a rather interesting study. 12 Moreover, research on obtaining an electrically small size by using metamaterials has been presented in the literature recently. [13] [14] [15] [16] [17] One of the most important elements of metamaterials is the split ring resonator ͑SRR͒, which was designed by Pendry et al. in 1999 . 18 The geometrical parameters of this structure determine its resonance frequency. The SRR can show resonant behavior at wavelengths that are much larger than its own size. Experimental demonstrations of these structures have been achieved by many researchers. [19] [20] [21] In the present work, we explain a technique that uses the SRRs in order to obtain ESAs.
II. EXPERIMENT
The SRR is electrically excited with a monopole antenna. The configuration is shown in Fig. 1 , in which the geometrical parameters of the structure are as follows: outer ring radius r 1 = 3.6 mm, inner ring radius r 2 = 5 mm, width of the strips w = 0.9 mm, separation between the two adjacent rings s = 0.2 mm, the length of the splits g = 0.2 mm. Distance to the ground plane h = 0.8 mm, the distance of the end of the radiating inner wire part to the top of the printed circuit board ͑PCB͒ t 1 = 0.2 mm, the distance between the PCB and radiating inner wire part of the monopole t 2 = 0.1 mm, thickness of the ground plane d 1 = 0.5 mm, length of the coaxial cable above the ground plane ͑this part was necessary for physically strengthening the monopole͒ d 2 = 0.5 mm, PCB side length h 1 = 7.8 mm, and inner wire height h 2 = 8.32 mm. The coaxial cable has four major parts: the inner wire with a radius of 0.245 mm, Teflon part with a thickness of 1.08 mm, and a dielectric constant 2, conducting shield part with a thickness of 0.48 mm and insulator coating with 0.48 mm thickness. The substrate PCB was standard FR-4 material with relative permittivity r = 3.5. The thickness of the PCB was 1.6 mm and the deposited copper thickness on the PCB was 30 m. SRR was obtained by properly etching the metal deposit of the PCB. The ground plane is nearly squareshaped at the x-z plane, with the square side length being equal to the free-space wavelength ͑ 0 ͒ at the operation frequency ͑f 0 ͒. The operation frequency is selected to be the frequency at which the SRR shows resonant behavior. This frequency is determined as 3.62 GHz by considering the minimum of the input reflection coefficient, S 11 . The antenna is simulated by using the commercial software Computer Simulation Technology, Microwave Studio ͑CST MWS͒, which is based on the finite integration method. The experiments are performed via an HP8510C network analyzer. The simulation and experiment data of the S 11 are presented in Fig. 2 . The minimum of the S 11 data of the reflection experiment was Ϫ32 dB.
III. RESULTS AND DISCUSSION
The overall size of the antenna part is 0.095 0 ϫ 0.100 0 . Since the antenna part is above a conducting plane while defining the radius of the minimum sphere that encloses the antenna, we should also, therefore, consider the antenna's image. 6 Therefore, the minimum radius a for our antenna is 0.144 0 , i.e., 11.95 mm. The radiation quality factor of an ESA is of fundamental interest. It is defined as 2 times the ratio of the maximum energy stored to the total energy lost per period. 3, 4 We estimate the minimum radiation Q of our antenna by using the following equation:
where k is the wave number associated with the electromagnetic field operating at f 0 frequency. Therefore, we estimate the minimum radiation quality factor of the antenna as min Q = 1.78. The Q of the antenna was calculated by using the Foster's reactance theorem. 5 The fractional bandwidth ͑FBW͒ and Ϫ10 dB BW are obtained from the experimental S 11 data as 0.043 and 2.42%, respectively. Therefore, the Q ϳ 1/BW is 23.03 and is adequately large 22 and well above the theoretical limit.
The far-field radiation pattern measurements were performed by using a standard gain horn antenna as a receiver. The distance between the antennas was ϳ1 m, which corresponds to the far-field region for our antenna. The measured and simulated copolarized E-and H-plane far-field radiation patterns are presented in Fig. 3 . We see that the simulated and measured far-field patterns are similar; however, the simulation predicts symmetric sidelobe levels for the H-plane pattern. We were unable to see this symmetry due to experimental limitations. The value of the maximum directivity is approximately equal to
where ⌰ 1d is the half-power beamwidth in one plane and ⌰ 2d in the perpendicular plane to the first, in degrees. The measured half power beamwidth was 76°along the E-plane and was 92°along the H-plane. The absolute gain measurements are followed by the two antenna method calculations, in which we obtained the antenna gain as G = 2.38. The corresponding radiation efficiency of the antenna was 43.6%. The figures of merit of the antenna obtained from the measurements and simulation are summarized in Table I . Finally, we should compare the gain of our antenna with the fundamental limit given by Fante. 24 The maximum possible gain for our antenna estimated from the Fante's analysis is 4.51. We see that our gain is less than the theoretical limit.
If we can excite the SRR electrically at rather small frequencies, the antenna size can be further miniaturized since the SRR resonance frequency can be tuned by increasing the capacitance between the rings. Considering this fact we designed serrated SRR, which has a resonance at 2.84 GHz. Just by changing the shape of the rings as shown in Fig. 4 we obtained a smaller SRR antenna. However, though the size is smaller, the maximum theoretical gain is thereby reduced to 2.33. Correspondingly, the antenna efficiency was then 18.8%. The calculated figures of merit are presented in Table  I . The simulation results for the insertion loss and the farfield radiation patterns are shown in Figs. 4 and 5, respectively.
IV. CONCLUSION
We conclude that metamaterials can play a role in the development of ESAs. By electrically exciting the SRRs placed on a ground plane we were able to obtain resonant antennas with efficiencies exceeding 40%. The sizes of the antenna were less than 0 / 10.
We observed that as we continued decreasing the resonant frequency of the SRRs, the maximum theoretical gain and simultaneously the gain decreased. Therefore, we can estimate the limit of our method, which is used to miniatur- ize antennas. Moreover, it is important to note that when excited properly, SRRs above a ground plane radiate efficiently. These results can have applications in future wireless systems and in the development of the steerable phased array antennas.
